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Q ■ Abstract 
O _ 

. The ag(980)-/o(980) mixing intensity has been predicted to be in the range of O.Olto 0.1 by 

>>■ 

various theoretical models, but lacking firm experimental observation. We examine the possibility 
of extracting the aQ(980)-/o(980) mixing from J/V' ^ (/)/o(980) — > (/)ao(980) reaction at upgraded 
. Beijing Electron Positron Collider with BESIII detector. While the branching ratio of this process 

! through the ao(980)-/o(980) mixing is expected to be about O(10~^) similar to the estimated total 

I \ amount from two background reactions J/V' ^ 7* — > (/>aQ(980) and J/V' — > K*K + c.c. — > (/)aQ(980), 

^ ■ the peak width from the (980)-/o (980) mixing is about 8 MeV, much smaller than that from other 

mechanisms. With 10^ J/%1) events at BESIII, the a[](980)-/o(980) mixing intensity is expected to 

m 

^ ' be unambiguously and precisely measured. 
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I. INTRODUCTION 



More than thirty years after their discovery, today the nature of hght scalar mesons 
/o(980) and aQ(980) is still in controversy. They have been described as quark-antiquark, 
four quarks, i^^molecule, quark-antiquark-gluon hybrid, and so on. Now the study of their 
nature has become a central problem in the light hadron spectroscopy. 

In the late 1970s, the mixing between the aQ(980) and /o(980) resonances was first sug- 
gested theoretically in Ref. [l]. Its mixing intensity is expected to shed important light on the 
nature of these two resonances, and has hence been studie^ S^teiisiyel^ on its different as- 
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pects and possible manifestations in various reactions 
But unfortunately no firm experimental determination on this quantity is available yet. Only 
Ref. jo] gives a value of = (8 ± 3)% based on the data of the aQ(980) central produc- 
tion in the reaction pp Ps{v'^^)Pfy under the assumption that the a|](980) resonances are 
mainly produced from ao(980)-/o(980) mixing . However, the experimental justification of 
such assumption requires measuring the reaction pp — > Ps{v'^^)Pf ^ much higher energy to 
exclude a possible effect of the secondary Regge trajectories, for which the rjn^ production is 
not forbidden by G parity . Obviously, more solid and precise measurements on this 

quantity are needed, such as by polarized target experiment on the reaction n^p rj^n^n 



1^, J/?/' decays [6'], and dd — > arfix^ reactions from WASA at COSY [1/ 

In this paper we examine the possibility of extracting the aQ(980)-/o(980) mixing from 
J/ip ^ 0ao(98O) — i> (prjTT^ reaction. This reaction is an isospin breaking process with initial 
state of isospin and final state of isospin 1. It can occur through the isospin breaking 
a[|(980)-/o(980) mixing by J/^ 0/o(98O) ^ 0a[!(98O). The J /i) 0/o(98O) has already 
been clearly observed in there action J /ip ^ (pn^Ti^ by BESII experiment 15|]. Due to poor 
performance for measuring multi-photon final states, no information is available from BESII 
for the J/ ip —>■ (prjTT^ reaction, which needs to measure 4 photons from rj and 7r° decays. With 
10^ J/ip events expected in near future at the upgraded Beijing Electron Positron Collider 
(BEPCII) with much improved BESIII detector, the measurement of the J/if) (prjir^ 
reaction is definitely possible. However, besides the aQ(980)-/o(980) mixing mechanism, the 
J/ip ^ 7* ^ 0ao(98O) and J/ip K*K + c.c. 0ao(98O) can also contribute to the 
J/ip —>■ (/)aQ(980) final state. So we need to estimate relative strength of these mechanisms 
to see whether we can get reliable extraction of the aQ(980)-/o(980) mixing . 
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In the next section, we give a brief review of the theory for the ao(980)-/o(980) mixing 
and model-dependent estimations for the mixing intensity. Then in Sect JIIII we estimate 
contributions of various mechanisms to the J/ip ^ 0aQ(98O) reaction. Finally we give a 
summary in Sect II V[ 



II. THEORY AND ESTIMATION OF a[](980)-/o(980) MIXING 



The basic theory for the aQ(980)-/o(980) mixing was already pointed out by Achasov 
and collaborators [ij. For the nearly degenerate aQ(980) (isospin 1) and /o(980) (isospin 
0), both can decay into KK. Due to isospin breaking effect, the charged and neutral kaon 
thresholds are different by about 8 MeV. Between the charged and neutral kaon thresholds 
the leading term to the a[J(980)-/o(980) mixing amplitude is dominated by the unitary cuts 
of the intermediate two-kaon system and proportional to the difference of phase spaces for 
the charged and neutral kaon systems. 

Considering the aQ(980)-/o(980) mixing , the propagator of aQ(980)//o(980) can be ex- 
pressed as {2! : 

^ Da Daf 
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where Da and Dj are the denominators for the usual propagators of aQ(980) and /o(980), 
respectively : 
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The Daf is the mixing term. From l|, we have: 
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The relation of Daf and the /o — > ao mixing parameter ^ 
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With the isospin breaking effect, the ag(980) and /o(980) meson wave function can be ex- 
pressed as 



l/o) = cos9\I = 0) + sin9\I = 1), 
|a°) = cos9\I = 1) - sine\I = 0) 



(8) 
(9) 



with the mixing angle 6 related to the mixing intensity as ~ siri^O. 

From Eqs.([2}17]), one can see that the mixing intensity depends on gal(mo)K+K- 1 
gfo{980)K+K- and 5'a{](980)7rOr?- Various models for the structures of aQ(980) and /o(980) give 
different predictions for these coupling constants 
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18| as listed in Table [I] by 



No.A-D. There have also been some experimental measurements on these coupling con- 



stants 
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25j as listed by No.E-H. The corresponding predictions for the 
aQ(980)-/o(980) mixing intensity from these various theoretical and experimental values 
of the coupling constants are calculated and plotted in FigO In the calculation, the masses 
for K-^, K^, 7r° and r] are taken from PDG2006 Q as mK+ = 493.7MeV, tjiko = 497.7MeV, 
= 135.0MeVand = 547.5MeV, respectively. 



No. 


model or experiment 


ao mass (MeV) 


gaoTTTi (GeV) 


9aoK+K- (GeV) 


9foK+K- (GeV) 


A 


qq model [14] 


983 


2.03 


1.27 


1.80 


B 


q'^q'^ model [14] 


983 


4.57 


5.37 


5.37 


C 


KK model [16, 17} 


980 


1.74 


2.74 


2.74 


D 


qqg model [18] 


980 


2.52 


1.97 


1.70 


E 


SND [19, 20] 


995 


3.11 


4.20 


5.57 


F 


KLOE [21, 22] 


984.8 


3.02 


2.24 


5.92 


G 


BNL [23] 


1001 


2.47 


1.67 


3.26 [24] 


H 


CB [25] 


999 


3.33 


2.54 


4.18 [15] 



TABLE I: ao(980) mass and coupling constants gaoTrrj, daoK+K-i 9foK+K- from several models 
(A-D) and experimental measurements (E-H) 

The predictions for |,^|^ vs M2 peak in the region between the two thresholds for the 
charged and neutral kaon systems. The peak value is in the range of 0.01 to 0.2. It is 

mainly determined by the ratio 5'aO(980)ii-+;^-fl'/o{980)/^+i^-/fl'^o(98o)7rO»,- different predictions 
by various models (No.A-D) indicate that the /o — ao mixing depends on the nature of 
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FIG. 1: Predictions for the ag(980)-/o(980) mixing intensity vs two- meson invariant mass M2 
from various models A-D (left) and various experimental measured coupling constants E-H (right). 



the scalars with the KK molecule giving the largest mixing and the four quark state the 
second. However, one should keep in mind that the absolute value for the mixing from 
each model is quite mo del- dependent and suffers rather big uncertainty, which may make 
it difficult to discriminate between various pictures as in the case for the radiative decays 
— > 7ao//o [27||. Nevertheless, a reliable measurement of the mixing will be very useful to 
constrain model parameters and ultimately understand the nature of these scalars. Present 
available experimental measurements on the coupling constants of gaH9so)K+K- ^ 9 fo{9m)K+ k- 
and 5'aO(98o)7rOr) cauuot give reliable determination of the aQ(980)-/o(980) mixing and hence 
cannot give much constraint on theoretical models. Direct precise measurement of the 
is needed to provide a useful check on these model predictions and previous measurements. 



III. POSSIBILITY OF MEASURING a{}(980)-/o(980) MIXING FROM J/V' ^ (kw^ 



Close and Kirk [6| suggested to study J /ip decays to the 'forbidden' final states ci;ao(980) 
and 0aQ(98O) where they predicted branching ratios of O(10~^). The corresponding J / ib to 

28|. 



15|, 



(/>/o(980) and u;/o(980) processes have already been studied by BESII experiments 
Although the two channels are found to have similar branching ratios, the fn(980) peak is 
very outstanding in the vrvr invariant mass spectrum for the J/ip —* 07r+7r_process 15|] while 
it is much buried by other components in the J/tp —>■ ujtt^tt^ process 



28 



Therefore the 



J/ip 0/0 (980) — i> 0ao(98O) (prjn^ is expected to be the best place for studying aQ(980)- 
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/o(980) mixing from Jjip decays. Due to limited statistics and relatively poor detection 
of multi-photon final states, there is no information available on this channel from BESII 
experiment. With the increase of statistics by two orders of magnitude and much improved 
photon detection expected at BESIII, here we give a detailed study on the possibility of 
measuring the aQ(980)-/o(980) mixing from J/ip ^ (prjir'^ process. Besides the contribution 
from the ao(980)-/o(980) mixing mechanism, we also examine those from two background 
reactions J/^ 7* ^ 0a°(98O) and J/^ K*K + c.c. ^ 0a[|(98O). 



A. Contribution from a[](980)-/o(980) mixing in J ^ (j)r]7r^ decay 

rn 

The observed /o(980) contribution to the J/ip ^ ^tttt [15] is plotted in Figl2] (left) 
with integration over m-j^T^ equal to the measured branching ratio (5.4 ± 0.9) x 10~^ for 
this channel. Then from Eq.([7]) and parameter set No.H listed in Table 1, we get the 
corresponding contribution from aQ(980)-/o(980) mixing to the rjTT^ invariant mass spectrum 
for the J/ip ^ (prjTT^ decay as shown in Figj2] (right: line A). A narrow outstanding peak 
with a width about 8 MeV is predicted. A remarkable fact is that the peak is much narrower 
than the usual width (50 ~ 100 MeV) of aQ(980) and should be easily observed even if there 
are other background contributions for the aQ(980) production. Integrated over m^^ for line 
A, we get the branching ratio about 2.7 x 10~^. While parameter set No.G gives a similar 
branching ratio, parameter sets No.E and No.F give larger branching ratio by a factor 5 and 
2, respectively. 



With 10^ J/ip events and a detection efficiency about 30% for the (prjn^ channel 29 ] 
expected at BESIII, more than 800 events should be observed for this channel with most 
events in the narrow gap of rjTT^ invariant mass between 987.4 MeV and 995.4 MeV. In the 
following two subsections we will show that two background contributions for this channel 
from J/^/j — > 7* — > 0ao(98o) and J/ip ^ K*K + c.c. — > 0ao(98o) as shown in Fig|3] cannot 
infiuence the observation of this narrow peak from the aQ(980)-/o(980) mixing significantly. 
Therefore the aQ(980)-/o(980) mixing intensity is expected to be unambiguously and precisely 
measured at BESIII. 
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FIG. 2: vrvr invariant mass spectrum for J /ip (/)/o(980) — > (pmr [15[ (left) and corresponding 
prediction of the nr] invariant mass spectrum for J/^ (prjir through ag-/o mixing (right: hne A) 
together with estimation of contribution from K*K rescattering (line B for without form factor; C 
for monopole form factor with cut-off parameter Ax = l.f)GeV). 



B. Contribution from J/'ijj 7* (?!)aj](980) to the (/)?77r° final state 

Since a common source for the isospin breaking process in J/ip decays is the electro- 
magnetic decay via cc annihilation to an intermediate virtual photon, here we examine the 
contribution from this mechanism as shown by Figj3] (left). 




C(p',s') "0(980) ao%80) (pj 

FIG. 3: Feynman diagrams for reactions J/V' ^ 7* ^ (paQ{980) (left) and J/ip ^ K*K ^ (paQ{980) 
(right). 



The invariant amplitude for cc — >■ 7* — 0aQ(98O) is : 



Mem = 2^eUc(p,s)7^^^5(p',s')p-:p^fi'7<^a(fc2)e0(A), (10) 
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where k is the four momentum of 7* and g^ytpaik"^) is the couphng constant of the virtual 
photon to 0ag(98O). Mc(p,s), Vc{p'^s') and e^^^-j are spinor wave functions for c, c and (p, 
respectively. Comparing this amplitude with the invariant amplitude for cc — > 7* — > e~^e~ , 
the only difference is a replacement of ieUe-l^'Ve+ by g'y(f)a{k^)^'^i^x)- 

Then we can easily get the relative ratio of J/-?/' — > 7* ^ 00° (980) compared to J/ip 
7* — ^ e~^e~ as 

2 I I 



3 + 



2 

ml 



(11) 



where a is the electromagnetic fine structure constant, Mj/^ is the mass of J/ip, and 
are mass and momentum of in J/ip at-rest system, respectively. 

To determine the 700° (980) coupling constant g-y^aik^) at k"^ = Mj^^, we assume a usual 
monopole form factor to relate it to its relevant value at /c^ = for a real photon , i.e.. 

In the limit of vector meson dominance, the parameter A = rup = 0.77GeV. Considering 
contributions from other vector mesons, the A could be larger to be around 1 GeV. 

The g-y^a{o) can be determined by experimental information on — 'ja^ by the following 
relation 

M^^^ao = fl'7</'a(o)(e0 ■ e^), (13) 



From PDG 26| : Br^^^^o^^^^^ = 7.6 x 10-^ = 4.26MeV, = 1020MeV^, m^^ 
985MeV, we get ^^^^(o) ^ 19.2MeV. Then from Eq.(12) with A = IGeV and Mj/^ 
3.1Gel^ we have g^^aihP ) ~ — 2.23Me\^. This is substituted into Eq.(ll) and results in 



r 



J/-0^7*^<^ag(98O) 
J/i/i— »7*— >e+e~ 



4.67 X 10"^ (15) 



With known branching ratio BR{J/ip e^e~) = 5.55% [26[, we obtain the branching ratio 
for J/?/) — > 7* — > 0aQ(98O) as 2.59 x 10~^. This is much smaller than the contribution 
from aQ(980)-/o(980) mixing and is distributed in much large range of rjir^ invariant mass 
spectrum. So its influence to the narrow aQ(980)-/o(980) mixing peak is negligibly small. 
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C. Contribution from J/ijj K*K + c.c. (/)a[](980) to the (/>7?7r° final state 



Another possible source for the isospin breaking process is due to K*K + c.c. reseat 
tering as shown in Figl3] (right). The transition amphtude can be expressed as {K = 



M 



FSI 



E 

K 



(2vr) 



4 "<I>{K) 



Pl{K)l3Pl{K)X \ A rjn 

-9l3\-\ Z3 I ^iP(K)'''a{K) 



P 



1(K) 



0'l{K)0'2{K)0'-i{K) 



(16) 



p\ — m\ + ie, a2 = P2 — ml + ie, 



where denominators of meson propagators are ai 
«3 = pj-ml + ie; = i {g^e^''°'l^p^^,e^^p2a) /m^, = i {g^t^"^^ p^„e*^^p^s) /Mjj^, Ta = iQa 
are effective interactions at each vertex. F{p^ is the off-shell form factor. Three effective 
coupling constants g^, g^ and ga can be determined independently in relevant meson decays 
as follows. 

The coupling constant g^{K) can be determined by the corresponding decay width of 
J/^ ^ K*K + c.c. laol: 



2 _ 2 
9tp{K+) — 9tp{K-) 



127rM2 



J/V 



■^exp 



UttM 



\P 



1(K+) 



3 ^ J/xIj^K*-K+^ 9,p{K0) — 9^(K0) 



\Pl(KO) 



J/jP_-pexp 
13 J/tp^K*OKO^ 



(17) 



where T]J = (2.5 ±0.2) x lO'^, T 



exp 



Tj/^ = 93.4 ± 2.1keV from PDG 



26|. 



J/ip->K'-OKO 



/Tj/^ = (2.1 ±0.2) X 10-=^ and 



For g^, because u and cj) are nearly ideally mixed, the SU(3) symmetry leads to g^ 
gujpO-Ko/V^, where g'^pO^o — 84 determined by pvr — * Svr decay width 30 1. 



For t 
Ref. 24, 



lega couphng, we have ga = ga(K+) = ga(K-) = -ga(KO) = -gaiRo = 2MGeV from 
25|. 

6), we assume the on-shell approximation by applying 



For the loop calculation in Ecl 



the Cutkosky rule as in Refs. 

Mfsi = - 

And 



30 



3l|, then the transition amplitude reduces to 



E 

K 



\pz{K)?'g<t>g^i)(K)ga 



da 



T{K)F{p\ 



2(K)) 



P3 2 2 
P2{K) " 



(18) 



2{K) 



\M.FS1^ = A \U{K+) — U(KO)\ = A U^K+) + U^RO) ~ '^U(K+)U(KO) 



(19) 
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where 

\2 



3 (327r2Mj/^m^)" 

r^., = /.o^ ^-'-'l^'-'iy = (22) 

with p2 = Pa —Ps- The form factor is included to take into account the off-shell effects 

for the exchanged meson in the final state interactions. 
Define 

BiK) = 2\p^\\p3iK)\/{M^a + ^3(K) - '^EaEs^K) - m^(;,)), (23) 
CiK) = m\\p3iK)\/{M'a + ^3(X) - 2^a^3(K) - A^), (24) 

then we get U(^k)U{k') for various form factor F{p2) as the following, 
(i) Without form factor: F{p2) = 1 



~ \p,? Il (1 + 5(;..)t)(l + S(^.)f) ' ^'^^ 



~ W i-1 (1+S(^0)t)(l+S(^0)f)' ^ ^ 

(ii) Monopole form factor: -F(pi) = (A|^ — 'n^2(K))/(A|: ~P2(i^)) 
_ '^'^ 9%{k+)BIk+) ^Ik+){''^\{k+) ~ A|:)^ 

X C dtdt' .28) 

y_i (H-B(x+)t)(H-i?(K+)tO(l + C(x+)i)(l + C(;,+)i')' ^ ^ 

„2„2 d2 /^2 /'^2 A2 \2 

jj2 _ ^ yil}{KO)^{KO)^{KO)\''h{KO) ^^K) 

X dtdt' ^^ , , , .... , ^ (29) 



'^^9^{K+)g-,p{K0)B(^K+)B(^K0) C(Jc+)C(Jc°)(^2(K0) ~ ^k){i^I{k+) ~ A|r) 

Mp^\'^\Pi{k+)\\Pi{k'>)\ 

(l + S(^0)i)(l + S(;^+)f)(l+C(;^0)i)(l + C(K+)i')' 
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iii) Dipole form factor: -^(^2) = 

2 _ ^ 9^(K+)-^(K+) 



dtdt' 



T(^k+)T[k+) 



-1 



(1 + B^K+Mi + + Ci^K+)tY{i + C(K+)t'y 



(31) 



„2 2 02 /(^2 f 2 _ A2 



2 \2 



4|P0P|Pl(XO)| 



dtdt' - 



T^KO)T[Kiy) 



U(K+)U{K<i) 




T{ko)T[k+) 



(33) 



(1 + B^KO)t){l + 5(^+)t')(l + C(i,0)t)2(l + C(K+)tT 

For the final calculation of J/ip K*K + c.c. 0aQ(98O) — (prjir^, we include the 
gaovr/B>a factor with parameter set No.H for the aQ(980) propagator. Taking into account 
also ao(980) — >■ KK we get the branching ratio of J ftp (pa^ldSO) for monopole and dipole 
form factors with typical Ak cut-off parameters as listed in the Table HTl For A^^- = 00, it is 
equivalent to without form factor, i.e., -^(^2) = 1- 



Ax (GeV) 


monopole F.F. 


dipole F.F. 


1.0 


1.5 X 10"^ 


0.4 X 10~^ 


1.5 


3.8 X 10"^ 


2.1 X 10"^ 


2.0 


5.7 X 10"^ 


4.6 X 10"^ 


00 


12.3 X 10"^ 


12.3 X 10"^ 



TABLE II: Branching ratio of J/^p K*K (j)aQ(980) for monopole and dipole form factors with 
typical Ak cut-off parameters. 

For the most commonly used monopole form factor with Ak = 1.5GeV, the branching 
ratio from on-shell K*K + c.c. rescattering is about 3.8 x 10~^. The corresponding off-shell 
loop is expected to give a similar amount of contribution. So the branching ratio from 
K*K loops could be a few times more than that from the aQ(980)-/o(980) mixing for the 
J/ip ^ 0aQ(98O). However as shown by line B and line C in FigJJl the contribution from 
K*K loops gives a much broader distribution in the nr] invariant mass spectrum than that 
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from the ag(980)-/o(980) mixing . Although the integration of hne B is about 3.5 times of 
hne A, the peak of hne A is stiU more than a factor of 2 over the peak of hne B. Therefore by 
separate the narrow peak from the broader peak, we can stiU get very precise measurement 
for the a°(980)-/o(980) mixing . 



IV. SUMMARY 



The predictions of aQ(980)-/o(980) mixing intensity from various models, such as 
qq, q^(f, KK and qqg for aQ(980) and /o(980), are summarized and shown in FigH] (left) 
with a range of 0.01 ~ 0.1. The deduced aQ(980)-/o(980) mixing intensity from various 
measurements of the relevant coupling constants is summarized and shown in Fig{T] (right) 
with a range of 0.02 ~ 0.2. This large uncertainty is not good enough to distinguish various 
models. More solid and precise measurement of this quantity is needed. 

In this paper, we examine the possibility of measuring the ao(980)-/o(980) mixing from 
J/ip ^ 0/o(98O) 0aQ(98O) ^r/aj] (980) reaction at upgraded Beijing Electron Positron 
Collider with BESIII detector. We find that the ao(980)-/o(980) mixing gives a branching 
ratio of 0(10^^) to the J/ip ^ 0ag(98O) and a narrow peak about 8 MeV at about 990 
MeV in the rjii^ invariant mass spectrum. The contribution from J/ip ^ '-j* 0ag(98O) 
is negligibly small. The contribution from J/if) ^ K*K + c.c. (/)aQ(980) also gives a 
branching ratio of O(10~®), but with a much broader width about 50 ~ 100 MeV which 
should be easily separated from the narrow structure caused by the aQ(980)-/o(980) mixing . 
With 10^ J/ if) events and a detection efficiency about 30% for the ^r/Tr*^ channel 29| expected 
at BESIII, for in the range of 0.01 ~ 0.2, in should be easily measured with a precision 

< 10%. 

Finally we want to give a comment on the result = (8 ± 3)% by Ref.|6|. The result is 



based on the data 



32| of the aQ(980) central production in the reaction pp Ps{w^)Pf 



assumes that the aQ(980) peak comes from the ag(980)-/o(980) mixing . However, the width 
of ao(980) peak in the r^vr^ invariant mass spectrum is found to be 72 ± 16 MeV similar to the 
width of ttg (980) peak in the rjir' invariant mass spectrum as 61 ± 19 MeV in the WA102 
experiment [32]. Since the aQ(980)-/o(980) mixing is shown in Figl2]to give a much narrower 
width of about 8 MeV, the aQ(980) peak from WA102 experiment is unlikely mainly coming 
from the aQ(980)-/o(980) mixing mechanism. 
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